In four related experiments, subjects had to discriminate between the presence or absence of a frequency difference between two pure tones separated by 4.3 s. The interference effects of other tones (I}, inserted during the retention interval, were investigated. A previous study [C. Semal and L. Demany, J. Aeoust. Sac. Am. 89, 2404-2410 (1991)] had shown that subjects' performance strongly depended on the pitch relations between the test tones and the I tones, but not on the spectral composition of the I tones. This suggested that the mnemonic system processing pitch is deaf to sharpness of timbre. In the present study, the I tones could differ or not from the test tones in intensity (by + 6 or 15 dB) or in amplitude envelope (periodic as well as aperiodic envelopes were used). It was found that such differences had very little effect on performance, suggesting that the mnemonic system processing pitch is deaf to loudness and to dynamic aspects of timbre. However, for I tones with a dense spectrum in the vicinity of the test tones' frequencies, widening the I tones' spectrum improved performance, probably because this spectral widening decreased the salience of the I tones' pitches.
INTRODUCTION
In a previous article (Semal and Demany, 1991 ), we reported evidence that pitch is processed independently of timbre (spectral composition) in auditory short-term memory. This evidence came from experiments based on a procedure originally used by Deutsch (see, e.g., Deutsch, 1970 Deutsch, , 1982 ). The subjects' task was to detect a pitch difference between two test tones separated by an interval of 4.3 s, during which a sequence of six "interfering" tones (I tones) was presented. The I tones were similar or dissimilar to the test tones with regard to pitch (periodicity) and/or spectral composition (harmonic content). In agreement with Deutseh (1972), it was observed that subjects performed much better when the I tones were remote in pitch from the test tones than when all tones were close in pitch. However, we also found that performance was essentially unaffected by the relation between the I tones and test tones from the point of view of speetral composition. Thus the results suggested that the "pitch memorizer" is basically deaf to timbre, or at least to the aspects of timbre which are dependent on the spectral distribution of energy, such as "brightness" or "sharpness" (yon BismareL 1974).
In the present study, the properties of the pitch memorizer were further investigated with the same procedural paradigm. Again, the two test tones to be compared on each trial were either identical in every respect or different in frequency. One of our aims was to investigate the infiuence of an intensity difference between the test tones and the I tones. In this regard, three hypotheses came to mind. First, it could be hypothesized that loud I tones would yield poorer performances than soft I tones, all other things being equal. A second hypothesis was that the absolute intensity of the I tones would be less important than the absolute value of the intensity difference between the I tones and test tones: If pitch is not dissociated from loudness in auditory memory, then I tones close in loudness to the test tones should have a more deleterious effect on the pitch comparison task than much louder as well as much softer I tones. Finally, if the pitch memorizer is deaf not only to sharpness of timbre but also to loudness, then the intensity of the I tones should have essentially no effect on performance (provided, of course, that the I tones are at least detectable).
A second goal of this study was to examine the influence of a difference in amplitude envelope (or temporal profile) between the test tones and the I tones. In principle, the perceptual quality associated with the amplitude envelope of a tone is to be considered as a dynamic aspect of its timbre, and thus something quite different from pitch. However, periodic envelopes with a frequency below, say, 50 Hz, may give rise to "infrapiteh" sensations which have some relation with pitch sensations (Warren, 1982 , Chap. 3 }. We previously found that the pitch memorizer is deaf to static (i.e., spectral) aspects of timbre. Is it also deaf to dynamic aspects of timbre, and to infrapiteh?
I. EXPERIMENT 1: EFFECT OF INTENSITY IN THE CASE OF PITCH PROXIMITY
A. Method
Stimuli and procedure
On each trial, the subject had to make a same/different judgment on two test tones, $1 and S2, which were pure and separated by 4.3 s. The frequency orS1 was randomly selected within an octave geometrically centered on 1000 Hz (the probability distribution being rectangular on a log-frequency axis). When S2 differed from S1, the difference consisted of a 4-4% frequency shift. Trials were organized in blocks of 24, including 12 "same" pairs (SI ----S2) and 12 "different" pairs, randomly ordered; for each "different" pair, the direction of the frequency shift was selected at random.
The subjects were run in six conditions. In condition All tones had a total duration of 300 ms, including linear rise/fall times of 10 ms. Consecutive I tones were separated by 300-ms silent pauses, and a 500-ms silent pause separated the two test tones from their respective neighbors, the first and last I tones. The stimuli were generated in real time by a digital signal processor (OROS AU22, based on a TMS320C25 chip), using a general software system for psychoacoustic research ("SON", L.C.I., Paris). They were presented to the left ear via a TDH 39 earphone. Subjects were individually tested in a doublewalled soundproof booth, where they sat in front of a keyboard connected to the computer controlling the experiment. "Same" and "different" responses were given using two labeled keys of this keyboard. Any response initiated the next trial after a 1-s delay. No feedback was provided. Subjects received no preliminary information about the differences to be detected. They were instructed to control the intertrial intervals as they wished (through the delay of their responses), and to ignore the I tones.
Two experimental sessions were run, on different days for each subject. They were organized in the same manner and included two blocks of trials in each of the six conditions. Within every session, the 12 blocks were ordered as follows: (a) condition I (one block); (b) conditions 2-6 in a random order (five blocks); (c) condition I (one block); (d) conditions 2-6 in a redetermined random order (five blocks). Between (b) and (c), subjects took a rest of about 10 rain outside of the booth.
2.. Subjects
Eight subjects, with a mean age of 25 years, provided complete data. Three additional listeners were tested but 
II. EXPERIMENT 2: EFFECT OF INTENSITY IN THE CASE OF REMOTE PERIODICITY
The negative results of experiment 1 could be ascribed to a ceiling effect insofar as performance was quite bad for all I tones. In experiment 2, we re-examined the influence of I tones' intensity using the same pure test tones but complex I tones. Some of the new I tones had periods three times longer than in experiment 1, which corresponded to a musical pitch about a twelfth below the pitch of the test tones. For such I tones, we expected from previous data (Semal and Demany, 1991) that overall performance would b• better than in experiment 1, thus possibly letting "more room" for the emergence of intensity effects. However, we also employed a second class of I tones, with periods even more remote (by an additional factor of 10) from the periods of the test tones. Their fundamental frequencies, always below 50 Hz, were in the infrapiWh range. ] Although these I tones were very distant from the test tones with respect to periodicity, they had a narrow spectrum (less than a critical band) in the frequency vicinity of the test tones. Thus, in addition to an atonal infrapiteh sensation, they elicited a tonal pitch sensation close to the pitch of the test tones. It was hypothesized that because of this pitch, and in spite of their infrapitch, they would produce more interference effects than the I tones with shorter periods. Eight subjects, with a mean age of 21 years, provided complete data. Nine other listeners were discarded after their first block of trials, in consequence of the selection rule already used in experiment 1. None of the eight subjects had previously participated in a related experiment. The positive influence of SPL is surprising. Maybe the subjects were simply more alert when the I tones were loud. But another surprise was that the two classes of I tones produced equivalent effects. This result could be interpreted in three different ways.
A first hypothesis was that the pitch memorizer is sensitive to infrapitch as well as pitch. In other words, it would actually store periodicity information. In this memory store, an I tone would strongly interact with a previous test tone if and only if the two tones have similar periods, irrespective of the perceptual quality--pitch or infrapitch---corresponding to each period. A second hypothesis was that the pitch memorizer does not process infrapitch or periodicity per se, but does process dynamic aspects of timbre in addition to pitch. This means that I tones with a given amplitude envelope would produce little interference on the memory trace of a test tone with a markedly different amplitude envelope, irrespective of periodicity factors. Such could be the case for the I tones from conditions 5-7 since they had a peaky envelope, eliciting a sensation of roughness, whereas the test tones were steady bursts of sinusoids. Third, it could be hypothesized that the I tones from conditions 5-7 yielded weak interference effects only because they did not elicit salient pitch sensations in the vicinity of the test tones' pitches. Since they were similar to narrow bands of noise, their pitches certainly had less salience than the pitches of pure tones in the same frequency region (Fastl and Stoll, 1979) . This lesser pitch salience might have been functionally equivalent to a pitch separation. If such was the case, it could be maintained that the pitch memorizer processes pitch and nothing but pitch.
The goal of experiment 3 was to confront the first and second hypotheses. The third one was tested in experiment 4.
III. EXPERIMENT 3: EFFECT OF DIFFERENCES IN AMPLITUDE ENVELOPE
Consider I tones with clear pitches in the vicinity of the test tones' pitches. According to the first hypothesis stated above, the test tones should be easier to discriminate when the I tones' amplitude envelope gives them a clear periodicity in the infrapitch range than when such is not the case. According to the second hypothesis, in contrast, it will not matter that the I tones' envelope is periodic or not, the only important factor being that this envelope differs or not from that of the test tones. In the present experiment, these two conflicting predictions were tested using I tones consisting of sinusolds which were amplitude modulated in a periodic or nonperiodic manner.
A. Method
Six conditions were run, exactly as in experiment 1 except that the SPL of the test tones was now 60 dB in all conditions and that new I tones were used. The I tones were amplitude-modulated sinusoids with the same rms pressure as the test tones. Their carrier frequencies were selected in the same way as the I tones' frequencies in experiment 1.
In conditions 2-4, the amplitude modulation was periodic. The instantaneous amplitude of each I tone could be written A (t) = 10 sin(2•rgt) sin (2rrft), Seven listeners, with a mean age of 28 years, provided complete data. Two of them had previously participated as subjects in a related experiment. Nine additional listeners were discarded after their first block of trials.
B. Results and discussion
The error rates obtained in conditions 2-6 (see Fig. 3) did not differ significantly from each other, as shown by an overall analysis of variance [F(4,24)= 1.7, P> 0.10]. Performance was poor in each of these five conditions. An examination of Fig. 3 suggests the presence of a weak monotonic trend from condition 2 to condition 6; however, the error rate for condition 2 did not differ reliably from the error rate for condition 6 [F(1,6) =3.4, P>0.10]. Interestingly, performance was significantly worse [t(13) =2.2, P<0.05] in condition 2 of this experiment than in condition 6 of experiment 2, where the I tones also had a narrow spectrum in the vicinity of the test tones' frequencies, the same intensity as the test tones, and a periodicity close to 30 ms. In condition 6 of the present experiment, the error rate was equivalent to that found in the identical condition of experiment 1 (condition 4).
In using I tones with amplitude envelopes which differed in various ways from that of the test tones, our goal here was to determine whether subjects' discrimination performance would be influenced by the presence of a periodicity in the I tones' envelope. According to the results, not only is this periodicity factor unimportant, but it is unimportant that the I tones' envelope differs or not from that of the test tones.
In Sec. II B, three hypotheses were put forth to explain why the two classes of I tones used in experiment 2 had equivalent effects on performance. In the light of experiment 3, the first two hypotheses appear to be inadequate. The third hypothesis was that the I tones used in conditions 5-7 of experiment 2 yielded weak interference effects because their pitches (in the vicinity of the test tones' pitches) were not very salient due to the width of their spectrum. Their spectrum was made up of five components with equal amplitudes; for the average I tone, the spacing of the components was 33.3 Hz (1000/30 Hz) and the spectrum thus extended from 933.3 to 1066.7 Hz. In experiment 3, by contrast, the I tones' spectral envelope was not rectangular and had a peak corresponding to the carrier frequency (dose to 1000 Hz); for the widest spectra--those used in condition 2--the spacing of the spectral components was 30 Hz, which is close to 33.3 Hz; however, for the average I tone (carrier frequency 1000 Hz) of this condition, the 970-and 1030-Hz components were about 2.6 dB below the 1000-Hz component, and the 940-and 1060-Hz components were about 9.0 dB below it. 2 Therefore, it seems likely that the pitches of the I tones were more salient in experiment 3 than in conditions 5-7 of experiment 2, which would explain why more interference effects were found in experiment 3.
IV. EXPERIMENT 4: EFFECT OF SPECTRAL WIDTH
The purpose of experiment 4 was to check that for I tones with dense spectra in the vicinity of the test tones' frequencies, subjects' performance depends on the width of the I tones' spectra.
A. Method
As in experiment 3, the test tones were at 60 dB SPL in all conditions. In condition 2, the I tones were pure. This condition was identical to condition 4 of experiment 1 and condition 6 of experiment 3.
In conditions 3-6, each I tone was made up of equalamplitude harmonics of a fundamental frequency corresponding to 1/60 of the frequency of S1, 4-3% or 6%. As expected, the error rate obtained in condition 2 was similar to that obtained in the identical conditions of experiments 1 and 3. Another satisfaction comes from the similarity of the error rates obtained in condition 4 of the present experiment and condition 6 of experiment 2, where the I tones had the same SPL and, more importantly, the same bandwidth. Therefore, the results fully confirmed our hypothesis: Widening the I tones' spectra improved performance. We believe that the cause of this improvement is that the salienee of the I tones' pitches was inversely related to the width of their spectra. Admittedly, an alternative hypothesis can be proposed. From condition 2 to conditions 5 and 6, the I tones' pitch salience decreased but, in addition, these tones differed more and more from the test tones with respect to timbre; their timbre was more and more "noisy." The improvement in performance may be due to the change in timbre rather than to the change in pitch salienee. However, this is not very likely in the light of experiment 3 and of our previous study (Semal and Demany, 1991 ) . Experiment 3 showed that large differences in temporal envelope--i.e., in the dynamic aspect of timbre--between the test tones and I tones were not sufficient to reduce interference effects. Our previous study showed that large differences in spectral composition---i.e., in the static aspect of timbre--were also ineffective (when the I tones as well as the test tones had very salient pitches).
V. GENERAL DISCUSSION
In the four experiments reported here, it was found that the frequency discrimination of two pure test tones, a few seconds apart, is impaired to various degrees by I tones inserted between the two test tones. The overall results may be summarized as follows.
( 1 ) The amount of impairment is not crucially dependent on the I tones' intensity. In any case, the impairment is not a monotonically increasing function of their intensity. Moreover, the impairment is not larger when the I tones and test tones are similar in loudness than when they markedly differ in loudness (experiments 1 and 2).
(2) Similar impairments are found when the I tones have the same amplitude envelope as the test tones and when their envelope is different (experiment 3). In this regard, the presence or absence of an infrapitch periodicity in the envelope does not matter: Whereas weaker interference effects are observed for I tones remote in pitch from the test tones than for I tones close in pitch, the presence of an infrapitch periodicity in the I tones' envelope is not sufficient to yield weak interference effects (experiments 3 and 4).
(3) For I tones with dense spectra in the vicinity of the test tones' frequencies, the amount of interference is inversely related to spectral width (experiment 4). This is probably due to the effect of spectral width on the salience of pitch: A loss of pitch salience seems to have the same effect as a pitch separation.
This set of results significantly augments the previous evidence (Semal and Demany, 1991) that pitch is processed in an autonomous manner in auditory short-term memory. It now appears that the "pitch memorizer" is deaf not only to the "static," i.e., spectral, aspects of timbre (Semal and Demany, 1991) , but also to its dynamic aspects, and to loudness (although loudness may have a nonspecific effect on alertness and thus memory performance).
Other results supporting the idea that the pitch memorizer is deaf to timbre were recently published by Krumhansl and Iverson (1992). In their experiment 3, subjects were presented with two melodic sequences of seven tones and had to detect a pitch difference between the fourth components of these sequences. The melodic context of the fourth tone (i.e., the pitches of the other six tones) could be the same or different for the two sequences. In the "different context" condition, subjects were forced to focus their attention on the fourth tones since the contexts did not provide useful melodic cues. In the "same context" condition, however, melodic cues were available and it appeared that the subjects used them because performance was better. In both conditions, the timbre of the tones was either constant throughout each trial or varied within the sequences; in the latter case, the timbrai differences be- Is the pitch memorizer deaf to infrapitch? Point (2) of the summary of results given above is consistent with this view. However, for pitches corresponding to frequencies between, say, 70 and 300 Hz, it remains to be determined if the pitch memorizer processes "atonal" pitches (induced by periodic amplitude envelopes of unresolvable sound complexes) as well as "tonal" pitches (induced by complexes with Fourier components which are resolvable by the cochlea)? Presently, one does not know whether these two kinds of pitches are analyzed by one and the same sensory device or by two completely different sensory devices (see, e.g., Houtsma and Smurzynski, 1990; Carlyon et al ., i[992; Langner et al., 1992) . In the latter case--or in either case--two different memory devices might be involved..
Is the mnemonic processing of pitch completely autonomous'? A previous study by Deutsch (1978) suggests that the an.,iwer is negative. Using pure test tones and I tones, she found that her subjects' performance was better when the I tones and test tones were heard through different ears than when all tones were presented to the same ear. This would suggest that the pitch memorizer is not deaf to spatial location. However, the spatial location effect obtained by Deutsch was quite small. In a similar but more recent study (Kallman et al., 1987) , a small advantage for the "different ears" condition was found when the I tones were presented to a fixed ear during blocks of trials, but this advantage disappeared when the ear presented with the I tones varied from trial to thai in an unpredictable manner.
Finally, it remains possible that speech sounds are processed by a specific memory system which would be sensitive, among other things, to their pitches; the pitches of nonspeech sounds would be processed by a separate memory system. This is not unlikely because, whereas the left cerebral hemisphere is generally dominant for the processing of speech, the neural substratum of short-term memory for the pitch of nonspeech sounds seems to be localized in the rig,«t hemisphere (Zatorre and Samson, 1991 ). In one of her studies on pitch memory, Deutsch (1970) showed that, indeed, the frequency discrimination of two pure test tones was much less affected by I sounds consisting of spoken numbers than by I sounds consisting of pure tones.
However, these two sets Of I sounds probably differed in pitch range, and the difference in pitch range may have been the only cause of the observed effect. In our laboratory, new expehments are now underway in order to investigate this issue.
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•Studies such as those reported by Formby (1985) and Guttman and Pruzansky (1962) suggest that sensations induced by periods exceeding 17 ms--which corresponds to a frequency of 60 Hz--should not be considered as "pitch" sensations. Formby (1985) measured differential thresholds for pure tones that varied in frequency and for broadband noise that varied in the frequency of sinusoidal amplitude modulation; he found lower thresholds for the pure tones than for the noise when the standard frequency exceeded 60 Hz, but identical thresholds at or below 60 Hz. Guttman and Pruzansky (1962) asked their subjects to adjust two successive periodic pulse trains one melodic octave apart; they found that "downward from about 60 Hz, octave perception is weak," and conclude that 60 Hz is the lower frequency limit of "musical" pitch.
:
When t]he amplitude envelope of a pure tone is sinnsoidally modulated, only two additional components ("side tones") are introduced in the power spectrum. In experiment 3, more side tones were produced because we modulated sinusoidally the logarithm of the amplitude envelope. 3Unresolvable but periodic (or quasiperiodic) sound complexes are able to induce sensations of pitch since it is possible to identify, in musical terms, the melodic interval formed by the periods (or quasiperiods) of two such sounds (Burns and Viemeister, 1976; Houtsma and Smurzynski, 1990). However, as shown by Burns and Viemeister (1976) with sinusoidally amplitude modulated noise, the identification of musical intervals becomes much more difficult for periods exceeding 15 or 20 ms; this supports the notion that 60 Hz can be considered as a frequency boundary between pitch and infrapitch (cf. footnote 1 ).
